1. Introduction {#sec1}
===============

1.1. Policy context {#sec1.1}
-------------------

At the 16th Conference of the Parties (COP) meeting in Cancun in 2010, it was formally agreed that global warming should be limited to 2 °C temperature rise relative to pre-industrial levels \[[@bib1]\]. The Paris agreement adopted in 2015 \[[@bib2]\] aims to keep the global temperature rise well below 2 °C and contains the ambition to pursue efforts to limit the temperature increase even further to 1.5 °C. While the exact amount of carbon emissions associated with global warming below a certain temperature threshold is uncertain \[[@bib3],[@bib4]\], limiting global mean temperature increase at any level essentially requires global carbon emissions to become net zero by a certain point in the 21st century \[[@bib5]\].

Recently, more ambitious climate action goals of zero emission pathways are gaining momentum. Since 2019, the European Union has had an 80%--95% reduction target in greenhouse gas (GHG) emissions relative to 1990 levels by 2050 \[[@bib6]\] and as of 2019 is considering further reducing emissions to net zero GHG emissions by 2050 \[[@bib7]\]. In the United States, the Green New Deal was proposed in the 116th Congress with goals of achieving net-zero GHG emissions \[[@bib8]\]. In June 2019, the UK became the first G20 economy to legislate for a legally binding net zero 2050 target \[[@bib9]\].

Renewables such as wind, solar, hydro, ocean and bioenergy represent a critical decarbonization option. With the rapid cost reductions in wind and solar energy, renewable electricity has become the preferred source of power generation over the past few years \[[@bib10]\]. Renewables will need to account for 52%--67% of primary energy by 2050 under the 1.5°C-consistent pathways projected by IPCC \[[@bib11]\]. Energy consumption comprises large amounts of renewable electricity but also negative emissions technologies and renewable fuels for heating and transport. The global energy transformation pathway towards well below two degrees projected by IRENA also indicates over two-thirds of total energy consumption from renewables \[[@bib12]\]. Besides avoiding GHG emissions, transition towards a high renewable energy system comes with several other co-benefits, such as addressing the challenge of fossil fuel depletion \[[@bib13]\], ensuring security of energy supply, stabilizing energy prices, as well as reducing pollutants and health risks \[[@bib14]\].

Renewables are well recognized as critical tools in climate mitigation, and policies that support renewable energy are present in nearly all countries in the world. Over half of the Nationally Determined Contribution (NDC) \[[@bib15]\] submitted to the United Nations Framework Convention on Climate Change (UNFCCC) set specific renewable energy targets \[[@bib16]\]. The European Union is committed to a binding target of 32% renewable by 2030 \[[@bib17]\]. The Green New Deal also contains the goal of meeting 100% electricity demand with renewable electricity.

However, renewable energy targets under current policy framework are not ambitious enough compared with decarbonization targets, with significant variation in scope and comprehensiveness \[[@bib18]\]. Many countries and regions have set 100% renewable targets in power generation, including Bangladesh, Cambodia, Colombia, Portugal, Sweden, California. On the other hand, policy targets on renewables outside the power sector are far less ambitious. Targets for 100% renewable energy systems are mainly taking place in cities, such as Frankfurt, Hamburg, Vancouver and Hague \[[@bib18]\]. At present, Denmark is the only country with a 100% renewable target in total final energy consumption by 2050.

1.2. Status of research {#sec1.2}
-----------------------

Renewable energy targets should be set in line with carbon reduction targets within a robust climate policy framework. This is because emissions reduction ambitions are one of the most important drivers for large scale development of renewable energy. Within the existing literature, certain research gaps can be identified between existing studies on renewable energy and studies on deep decarbonization in terms of sectoral coverage and analytical approach.

Deep decarbonization analyses generally take an optimization approach for the entire energy system with integration between power, heat and transport systems. An example of a long-term, optimization approach is the Integrated Assessment Model (IAM). IAMs have been widely used to project long-term global low carbon transition pathways, such as the IPCC SR1.5 report on 1.5 °C global warming \[[@bib11]\], 2050 energy roadmaps by Ref. \[[@bib12]\] and energy technology perspectives from IEA \[[@bib19]\]. These analyses seek a single least cost pathway with optimal balance between electrification, renewables and other low and negative carbon technologies, and point to the long-term transition pathways.

Compared to analysis on deep decarbonization, the approaches of i) system solutions and ii) least cost optimization are not sufficiently addressed within the current 100% renewable energy literature. According to a recent review on 100% renewable energy studies \[[@bib20]\], currently there is no uniform definition of 100% renewable energy and the majority of studies on 100% renewable energy only focus on the power sector. Some of the 100% renewable energy studies propose a 100% renewable power system and electrify all energy sectors. For example, Jacobson has proposed a 100% renewable energy system solely based on water, wind and solar for the 50 US states \[[@bib21]\] and 139 countries in the world \[[@bib22]\]. This study concluded that meeting system-wide 100% renewable energy penetration with water, wind and solar is technically and economically feasible. Achieving a 100% renewable power system is a key starting point, followed by the electrification of the parts of heat and transport that can be electrified, with electro-fuels used for sectors that cannot be electrified. However, the scale of the challenge of achieving a system-wide 100% renewable energy system with just renewable electricity is apparent when compared with the current situation where electricity accounts for approximately 20% of energy end use, with heat and transport accounting for the remaining 80%. The analysis by Jacobson was met with criticism \[[@bib23]\] stating that there were key methodological oversights, including invalid modelling tools, modelling errors and implausible assumptions.

Another key difference between studies on deep decarbonization and 100% renewable energy is the analytical approach. While studies on deep decarbonization tend to apply the cost optimal approach to determine a single best pathway, renewable studies are usually carried out with simulation models in an exploratory manner. An example of a simulation model widely used for assessing the performance of system-wide 100% renewable energy scenarios is the EnergyPLAN model \[[@bib24], [@bib25], [@bib26], [@bib27], [@bib28], [@bib29]\]. It has been pointed out that the difficulty in balancing bioenergy consumption and electrification is a major challenge in analysis using the EnergyPLAN model \[[@bib30]\]. Compared to long-term optimization models, simulation models based on an overnight approach are suitable in assessing the feasibility and performance of power systems with high intermittent renewable sources such as wind and solar. However, in simulation models, the technology portfolio and energy mixes are based on exogenous assumptions, which restricts insights to the system-wide technological challenges involved, e.g. critical cross-sectoral insights may be overlooked when assessing the entire energy system that includes electricity, heat and transport. Such challenges could be better addressed by an optimization approach that calculates a least cost pathway which strikes a balance between electrification, renewables and other low and negative carbon technologies.

1.3. Paper objectives {#sec1.3}
---------------------

This paper aims at addressing these research gaps between renewable energy studies and deep decarbonization studies with key contributions as follows.

In terms of informing decision making, this paper contributes to the evidence base through exploring least cost-pathways towards system-wide 100% renewable energy supply, focusing on one EU member country Ireland. A first step in exploring feasibilities of 100% renewables in Ireland was carried out with the simulation model EnergyPLAN \[[@bib31]\] based on exogenous assumptions regarding technology portfolio and energy mixes. In this paper we explore the challenges of 100% renewables with a different approach by applying bottom-up energy systems optimization modelling (ESOM) to determine optimal energy transition pathways, outlining when and how to transition to a 100% renewable energy system in a cost-efficient manner. To date, there has been a limited application of system-wide optimization approaches in addressing 100% renewable energy system. Only a few studies have been carried out for Europe \[[@bib32]\] and at a global scale \[[@bib33],[@bib34]\]. Least cost pathways for Ireland will contribute to the evidence base for policy making regarding integrating 100% renewables.

A methodological contribution in this paper is the provision of an integrated modelling framework for assessing deep decarbonization targets and renewable energy targets together. Existing studies on 100% renewable energy pathways and deep decarbonization have been undertaken separately with little comparison and integration of the two approaches. Without a consistent analytical framework, insights from 100% renewable energy analysis may be limited and inconsistent with insights from deep decarbonization scenarios, leading to suboptimal policy decisions. In this paper various scenarios are developed in a single model to compare renewable energy target and decarbonization targets side by side, providing insights that could help policy makers develop renewable energy policies in accordance with carbon mitigation ambitions. A key focus in this paper is on the economic implications and a key research question is how cost effective of a 100% renewable target in carbon mitigation compared to focusing only on carbon mitigation.

Another methodology innovation in this paper is the incorporation of a global sensitivity analysis to assess critical parametric uncertainties. Projecting decades into the future is inherently uncertain. Assumptions in technology costs, energy costs and renewable energy potentials are prone to uncertainties. The long-term projections of these assumptions are highly questionable and may have significant impacts on the results of long-term optimization models. A majority of existing ESOM analyses rely on simple scenario analysis and overlook these parametric uncertainties due to the computational burden and a lack of modelling infrastructure that facilitates systematic uncertainty analysis \[[@bib35]\]. In this paper, a novel modelling feature for a TIMES model is developed to facilitate batch generation of scenario ensembles for a global sensitivity analysis. We focus on critical uncertainties related to 100% renewable energy, including bioenergy import costs and availabilities and investment costs of renewable technologies. The uncertain parameters are perturbed simultaneously to generate 500 scenarios. The results help identify the most impactful sources of uncertainties and assess the robustness of renewable technologies under uncertainties. To our knowledge, this paper is the first one that develops and applies the global sensitivity analysis to a TIMES model.

The paper is outlined as follows. Section [2](#sec2){ref-type="sec"} provides a detailed description of the model assumptions and scenario setup. Section [3](#sec3){ref-type="sec"} presents the results and a discussion. Section [4](#sec4){ref-type="sec"} provides concluding remarks.

2. Methodology {#sec2}
==============

2.1. Energy transition pathways towards 100% renewable {#sec2.1}
------------------------------------------------------

Long term energy transition pathways have been widely used in exploring pathways towards a low carbon future, offering insights on energy transition, economic implications and environmental impacts \[[@bib11]\]. Global carbon mitigation transition pathways \[[@bib36]\] indicate that limiting global temperature rise to 1.5 °C requires a rapid shift away from fossil fuels towards low carbon energy including different combinations of renewables, reduced energy use, improvements in energy efficiency, nuclear energy and carbon dioxide removal technologies. Pathways of 100% renewable energy have rarely been considered before and were first mentioned in the IPCC SR1.5 report \[[@bib11]\]. The IPCC report points out that 100% renewable energy pathways with significantly higher wind, solar and electrification levels compared to existing decarbonization pathways may expand the range of possible pathways once the underlying assumptions are plausible.

Energy system transition pathways at a national or regional scale are typically developed from energy systems optimization models (ESOMs). The classification of energy models can be based on underlying methodology (simulation, optimization, economic equilibrium), analytical approach (top-down, bottom-up, hybrid \[[@bib37]\]), and sectoral coverage (whole energy system \[[@bib38]\], power system \[[@bib39]\], etc.). ESOMs can be characterized as bottom-up, optimization models that cover the whole energy system. ESOMs provide an integrated, technology-rich representation of the whole energy system for analysing energy dynamics over a long-term, multi-period time horizon. Solutions of ESOMs are computed based on an optimization approach using linear programming techniques. Examples of ESOMs include TIMES \[[@bib40]\], MESSAGE \[[@bib41]\], ESME \[[@bib42]\], OSeMOSYS \[[@bib43]\] and TEMOA \[[@bib44]\].

In the context of Ireland, carbon mitigation transition pathways from ESOMs have played a role in informing the development of carbon mitigation policies. Ireland has set legally binding climate targets for 2020 \[[@bib45]\] and 2030 \[[@bib46]\] with an ambition for net-zero GHG emissions by 2050 \[[@bib47]\]. Various aspects of a future low carbon economy been analysed, including trajectories towards 2 °C consistent emission reduction targets \[[@bib48],[@bib49]\], feasibility of net zero emissions \[[@bib50]\], security of supply dimensions of a decarbonized energy system \[[@bib51]\], and impacts of bioenergy availability \[[@bib52]\]. Previously, ESOM based transition pathways \[[@bib53]\] have been used to inform the Climate Action and Low Carbon Development Act 2015 \[[@bib54]\], a 2015 Energy White Paper \[[@bib55]\] published by the Department of Communications, Climate Action and Environment that set out a framework to guide policy and the actions that the Irish Government intended to take in the energy sector, and analysis \[[@bib56]\] that informed the national mitigation plan \[[@bib57]\].

These previously published analyses have grappled with some of the policy challenges for Ireland. Ireland has one of the largest potential wind energy resources in the world and at present is exploiting a significant portion of this potential: in 2018, 28.1% of Ireland's electricity came from wind energy. There are technical challenges associated with increasing this share, since Ireland is a small island with limited interconnection to neighbouring power systems in the UK; increased electrification is becoming more difficult. In parallel, the importance of decarbonising other sectors (heat & transport) grows. To date however, policy discourse has been disproportionally focused on the electricity sector to the neglect of heat and transport. Recent progress in decarbonising and increasing the share of renewables in the heat and transport sectors has either worsened or stalled. These challenges underline the importance of adopting a whole-energy system approach, since some of the greatest challenges are in sectors (heat and transport) that would be missed by an exclusive focus on electricity.

Long term transition pathways towards 100% renewable energy systems have not been explored in Ireland before. Ireland is not on track to meet its climate targets and the gap in renewable energy penetration is particularly evident ([Table 1](#tbl1){ref-type="table"} ). Ireland has a national target of 16% renewable share in gross final consumption by 2020; however, as of 2018, renewables only contribute to 11% in total final energy consumption. In 2018 wind generation accounted for 28.1% total electricity generated, and total renewable generation accounts for 33.2% of gross electricity consumption; however, electricity only accounts for 18.9% of TFC \[[@bib58]\] and more efforts are required in the transport and heat sector which had a 7.2% and 6.5% renewable energy share respectively. Being aware of the gap between climate policies and decarbonization ambition, the government of Ireland has developed the Climate Action Plan \[[@bib47]\] that sets more ambitious targets in line with a net zero by 2050, including a 70% renewable penetration in power generation by 2030. Insights from this paper have the potential to contribute additional evidence base for policy setting appropriate long-term renewable targets to inform policy making in renewable energy.Table 1Ireland's current energy consumption and progress towards renewable targets (Source \[[@bib58]\]).Table 1200520172020 TargetTPER (ktoe)15,80314,413Fossil Fuels15,306 (96.6%)13,058 (90.2%)Hydro54 (0.3%)59 (0.4%)Wind96 (0.6%)640 (4.4%)Biomass180 (1.1%)378 (2.6%)Other Renewables40 (0.3%)270 (1.9%)Import Dependency89%66%TFC (ktoe)12,60611,821Fossil Fuels10,324 (81.9%)9055 (76.6%)Renewables188 (1.5%)472 (4.0%)Wastes (Non-Renewables)070 (0.6%)Electricity2094 (16.6%)2223 (18.8%)Renewable share (GFC)2.8%10.6%16%RES-E7.2%30.1%40%RES-T07.4%10%RES-H2.8%6.9%12%Emissions (Mt/% Rel. 2005)45.736.8/-18%20%

It should be noted that the focus of this paper is on long term transition pathways rather than debating the feasibility of a 100% renewable energy system. Due to computational burden, ESOMs have historically applied stylized temporal representation with 12--20 time slices in each model year. Majority of existing 100% renewable energy studies have applied high temporal resolution to analyse the performance an energy system with high intermittency based on an overnight approach. Compared to these studies, the strength of long-term optimization modelling is the provision of optimal pathways offering authoritative results for politician in how and when to transition towards a 100% renewable energy system \[[@bib59]\]. The technical feasibility of a 100% renewable energy system has already been extensively assessed within the current literature. The majority of existing studies suggest that 100% renewable is technically and economically feasible with various key challenges addressed, including meeting peak demand with battery storage \[[@bib60]\], management of low-demand periods \[[@bib61]\], high investment costs in flexibilities and new capacities \[[@bib62]\], extreme weather conditions \[[@bib63]\], access to renewable data \[[@bib64]\], constraints on geographical allocation of storage technology \[[@bib65]\], and government regulations \[[@bib66]\]. The importance of flexibility measures \[[@bib67], [@bib68], [@bib69]\], storage \[[@bib70]\] and interconnectors \[[@bib71]\], centralised and decentralised electricity \[[@bib72], [@bib73], [@bib74]\] are also addressed within the current literature. It has been pointed out that the major barriers towards 100% renewable electricity are political, institutional and cultural \[[@bib75]\]. Few studies have argued against 100% renewable energy. An example is a review study based on a scoring system \[[@bib76]\], which points out that existing studies cannot meet criteria in consistency with demand forecast, reliability in meeting in-time demand, identifying transmission and distribution requirements, and provision of essential ancillary services. This finding was criticized by another review \[[@bib77]\], arguing that the methodology is problematic and the feasibility criteria chosen are critical but can be addressed at low economic costs.

2.2. Model assumptions {#sec2.2}
----------------------

In this study we apply the ESOM model Irish TIMES to project transition pathways towards 100% renewable energy by 2050. TIMES (The Integrated MARKAL-EFOM System) \[[@bib40]\] is an economic model generator for local, national, multi-regional, or global energy systems. The model is data-driven and includes a technology-rich database for representing energy dynamics over a multi-period time horizon. TIMES assumes that each agent has perfect foresight on the market's parameters and computes the inter-temporal dynamic equilibrium by minimising total discounted energy system cost over the entire time horizon with decisions made on equipment investment and operation, primary energy supply and energy trade for each region. The cost minimization considers investment costs of energy technologies, operation and maintenance costs, the cost of imports, profits from energy exports, and the residual value of technologies at the end of the horizon. TIMES is thus a vertically integrated model of the entire extended energy system. TIMES is now widely used by over 62 contracting parties supported by ETSAP (Energy Technology Systems Analysis Program), an Implementing Agreement of the International Energy Agency (IEA).

The Irish TIMES model is an instance of the TIMES model developed for Ireland. The original Irish TIMES dataset was extracted from the Pan European TIMES (Pan European TIMES model that includes EU27, Iceland, Norway, Switzerland and Balkans countries) project by the Energy Policy and Modelling Group at University College Cork, and was updated with more detailed local data, calibrated to the national energy system with macroeconomic projections from the Economic and Social Research Institute (ESRI). The time horizon in the Irish TIMES model used is from 2005 to 2050 with a time resolution of four seasons, each is comprised of day, night and peak time slice. The inputs to the Irish TIMES include, estimates of existing stocks of energy related equipment, characteristics of available future technologies, as well as present and future sources of primary energy supply and their potential. The projection of end-use energy service demands are based on exogenous assumptions, and are derived from the macroeconomic model COSMO \[[@bib78]\] based on assumptions including population, number of household and GDP growth.

The potential for additional large hydro plants in Ireland is limited but further deployment of small hydro plants is possible \[[@bib79]\]. The resource potentials for wind is assumed to be 6.9 GW and 7.5 GW for onshore and offshore generation \[[@bib80]\]. The level of intermittent (non-dispatchable) renewable generation -- namely wind, solar and ocean energy is limited to 50% at annual level and 70% at time slice level according to the report by Ireland's transmission system operator EirGrid \[[@bib81]\]. The use of geothermal energy in Ireland is limited only to small installations in the residential and services sector mostly for space and water heating purposes. The potential of bioenergy available for import is set according to the current share of primary energy demand of Ireland as a fraction of EU's primary energy demand \[[@bib82]\]. The potentials of domestic bioenergy is projected to 2887 ktoe for the year 2030 and at 3805 ktoe by 2050 \[[@bib52]\]. Additional details on how demand is driven and technoeconomic inputs can be found in Ref. \[[@bib48],[@bib49]\].

The original cost assumptions in Irish TIMES model are from the values in the PET model used in the Intelligent Energy--- RES2020 project (RES2020). In this analysis, the input assumptions for renewable technologies are updated and refined according to the most recent data available and summarized in [Table 2](#tbl2){ref-type="table"} . Renewable technologies including solar, wind, ocean energy are updated according to JRC data \[[@bib83]\]. The cost of residential and commercial heat pumps are updated with data from Ref. \[[@bib84]\]. In addition, the hydrogen energy system is also added to the model using assumptions in production, storage and transmission from Ref. \[[@bib85],[@bib86]\]. Some of the model assumptions in technology deployment rates are relaxed to allow all energy service demands to be met using renewables and electricity by 2050.Table 2Technoeconomic assumptions of capital cost for renewable technologies.Table 2Cost Assumptions in deterministic scenarios (Euro/kw)Cost ranges for global sensitivity analysis (% change)20202030204020502050\
Low2050\
HighPower-to-Gas (Electrolysis)14201169935935−20%+30%Wave Energy6310532040403240−54%+76%Tidal Energy4920414031502520−54%+57%Offshore Wind2870257024302330−45%+33%Onshore Wind1020980950910−20%+14%COM Solar720430350350−17%+131%RSD Solar920600490420−17%+131%COM HP Air405366350350−15%+20%COM HP Ground299266233233−15%+20%RSD HP Air679614586586−15%+20%RSD HP Ground1014937861861−15%+20%COM HP Air to Water509509459459−15%+20%RSD HP Air to Water700700631631−15%+20%Bioenergy import price−60%+80%Bioenergy Import−49%+20%

2.3. Scenario definition {#sec2.3}
------------------------

### 2.3.1. Deterministic scenarios {#sec2.3.1}

As pointed out by Ó Gallachóir et al. equating the electricity generated from renewable sources with the primary energy supply is inaccurate in representing the contributions from renewables in replacing fossil fuels \[[@bib87]\]. Therefore, the constraint of the level of renewable energy penetration rate is applied to the model based on the gross final consumption (GFC) instead of primary energy, and is based on the Directive 1 2009/28/EC \[[@bib88]\], which is the sum of (a) gross final consumption of electricity from renewable energy sources; (b) gross final consumption of energy from renewable sources for heating and cooling; and (c) final consumption of energy from renewable sources in transport. In this analysis, the calculation of renewable share excludes non-energy fuel use and oil consumption for aviation. The scenarios in this analysis include the following:

**Base:** The base scenario represents the pathway that delivers energy service demands without any policy instruments. The renewable energy share in the base scenario is 25% in 2050.

**RE%:** The renewable energy (RE) scenarios apply constraints to the minimum share of renewable energy in total final energy consumption. The renewable share constraint applied is included in the scenario name. For example, RE100% scenario has 100% constraint in renewable share in 2050. Renewable levels in intermediate model years are linearly interpolated.

**Carbon Constraint:** The CO2 scenario is used to compare the differences in renewable energy targets and decarbonization targets. The carbon constraint scenario sets annual emission constraints according to the EU climate & energy package and EU low-carbon economy roadmap from 2020 to 2050, achieving an 80% reduction in all energy related CO2 emissions by 2050 on 1990 levels. This scenario does not have any constraints applied on the renewable levels.

A range of alternative constraints are applied to the renewable energy scenarios to explore the impacts of bioenergy and levels of VRES allowed in the power system. The following constraints are applied to the RE% scenarios.

**HighBioImport:** The bioenergy potential in baseline scenarios are projected under the assumption that the current trend of bioenergy development will prevail \[[@bib82]\]. The "High Bioenergy Availability" scenario assumes an optimistic view of global bioenergy potential due to increased planting and removal of barriers by investment.

**VRES100%:** The base scenario assumes that the maximum penetration of electricity from variable renewable energy sources (VRES) such as wind and solar is 50% at annual level and 75% at time slice level, in line with current practice from the electricity system TSO (EirGrid). 100% VRES scenarios relax constraint in VRES and allows penetration of 100% VRES in power generation, which exceeds the current long-term 75% target of the system TSO.

**NoBioImport:** International import of bioenergy is not available, and bioenergy can only be procured from indigenous sources.

**NoBiomassPP:** Biomass power plants are disabled.

Multiple alternative constraints may be applied to one scenario. For example, scenario with 75% renewable level and no bioenergy import is named as "RE75% (NoBioIMP)". Scenario with 100% renewable energy, 100% VRES and disabled bioenergy import is named as "RE100%-100% VRES (No Bioenergy Import)". The assumptions made in core scenarios and alternative constraints are summarized in [Table 3](#tbl3){ref-type="table"} .Table 3Scenario definition.Table 3Core ScenariosBASE/RE%/Carbon ConstraintMedium level of bioenergy supply\
50% VRES penetration allowed at annual level, 75% at time slice levelAlternative ConstraintsHighBioImportAbundant global bioenergy supplyVRES100%100% VRES penetration allowed in power generationNoBioImportDisabled international bioenergy importNoBiomassPPDisabled biomass power plants

### 2.3.2. Sensitivity analysis {#sec2.3.2}

In addition to scenario analysis, local sensitivity analysis is carried out on renewable energy targets to explore incremental impact of increasing renewable targets. The sensitivity analysis starts from the base scenario which has 25% renewable share in 2050, each subsequent scenario increases the renewable target by 1%. The resulting set of scenarios range from 25% renewable to 100% renewable resulting in a total of 76 scenarios. The sensitivity analysis is also carried out under alternative constraints.

Sensitivity analysis is also carried out on decarbonization targets to determine the differences between the two policy targets, focusing on the economic implications. For each renewable energy scenario, emission levels for each model year obtained from the model results are applied to a CO2 scenario as exogenous emission constraint. This results in 76 carbon constraint scenarios, each corresponding to a renewable energy scenario.

In this study we use global sensitivity analysis to quantify the impact of critical uncertainty sources on the transition pathways. The principle is to propagate uncertainties by simultaneously perturbing multiple uncertain input parameters represented by probability distributions. The collection of model outputs are then evaluated statistically using the global sensitivity analysis approach \[[@bib89]\] to quantify how uncertainty in the output of a model can be apportioned to different sources of uncertainty in the model input. The global sensitivity analysis consists of 500 scenarios and is carried out with constraints of 100% renewable energy share and 100% VRES penetration is allowed. The global sensitivity analysis is carried out in the following steps.1.Triangular probability distributions are assigned to techno-economic parameters including capital costs of renewable technologies, bioenergy import prices and availability. The uncertainty ranges are summarized in [Table 2](#tbl2){ref-type="table"}.2.A sample of random values is generated based on the probability distributions.3.The randomly generated sample is fed into the model to compute a set of outputs.4.The procedure is repeated 500 times and 500 samples are generated.5.The outputs are evaluated using global sensitivity analysis. Standard correlation coefficients are calculated to determine the correlations among input uncertainties and key model results such as system costs, bioenergy consumption and technology penetration

3. Modelling results {#sec3}
====================

This section presents the cost optimal energy systems configurations of a high renewable energy system in 2050. Modelling results of scenario ensembles consisting of over 1000 scenarios are presented, with a focus on addressing optimal mixes of electrification and bioenergy usage, the relationships among decarbonization and renewable, and the roles of key renewable technologies.

3.1. Energy systems results {#sec3.1}
---------------------------

### 3.1.1. Energy supply and demand {#sec3.1.1}

Maximum feasible levels of renewable penetration under different assumptions are explored with sensitivity analysis. The results show that under the base scenario assumptions of medium bioenergy projection and VRES limitation of 50%, the maximum feasible renewable level is 94%. Sensitivity scenarios with alternative constraints show that the maximum renewable level reaches 100% if 100% VRES penetration in power generation is allowed. Bioenergy import also has significant impact on the feasible renewable level. 100% renewable can be met under the assumption of high bioenergy import availability and only 75% renewable can be reached when bioenergy import is disabled. When both bioenergy import and high VRES penetration are not allowed, only 75% renewable can be reached. This pathway has a high electrification level, but a large share of the electricity is produced from natural gas, resulting in both high carbon emissions and energy system costs.

Targeting higher renewable penetration is characterized by higher amount of bioenergy consumption. [Fig. 1](#fig1){ref-type="fig"} shows the total primary energy required (TPER) in 2050. [Fig. 2](#fig2){ref-type="fig"} shows the system wide total final consumption (TFC) in 2050 with shares of renewables shown in [Fig. 3](#fig3){ref-type="fig"} . In the BASE scenario, the amount bioenergy supply in 2050 is 1700ktoe accounting for 12.7% of TPER. The share of bioenergy in TPER rises to 9360ktoe at 90% renewable level (RE90%-VRES50% scenario), and further to 80.8% TPER at 100% renewable level (RE100%-VRES50%-HighBioImport scenario).Fig. 1Total primary energy required (TPER) in 2050.Fig. 1Fig. 2Total final energy consumption (TFC) in 2050.Fig. 2Fig. 3Renewable share by mode of application in 2050. It should be noted that RES-E includes electricity production and hydrogen production from power-to-gas. Electricity and hydrogen consumption in transport and heat sectors are therefore not reflected in RES-T and RES-H.Fig. 3

Another important source of renewables is electricity from wind, solar and ocean energy. [Fig. 4](#fig4){ref-type="fig"} shows electricity production by source and [Fig. 5](#fig5){ref-type="fig"} presents overall electrification level, which is calculated by percentage share of electricity consumption in total final energy consumption. It should be noted that the electricity input into power-to-x processes is included in the calculation of total electricity consumption. This should be distinguished from hydrogen consumption presented in the TFC graph, which presents final hydrogen consumption by end-use technologies. Under the BASE scenario where no policy constraints are applied, the electricity consumption in 2050 remains similar and is projected to 27.2 TWh with an overall electrification level of 18.4%. The electricity demand increases significantly from BASE scenario to 43.1 TWh (25.8%) at 50% renewable target, and further increases to 53.3 TWh (38.8%) in RE100%-VRES50%-HighBioImport scenario.Fig. 4Electricity production by fuel use in 2050.Fig. 4Fig. 5Electrification level by applications in 2050.Fig. 5

Comparison between RE100%-VRES50%-HighBioImport and RE100%-VRES100% scenarios show that increasing VRES levels has little impacts on overall electrification levels. Allowing more VRES penetration in power generation causes a switch from dispatchable biomass plants towards intermittent renewable generation such as wind and ocean energy. This results in reduction of bioenergy consumption from 80.9% to 58.8% share in TPER. Electricity consumption significantly increases when bioenergy import is not available, which drives up the demand in hydrogen to replace biofuel consumption in transport sector. Under the RE100%-VRES100%-NoBioImport scenario, electricity consumption increases to 78.5 TWh and the overall electrification level increases to 64.1% and bioenergy share reduces to 32.1% TPER.

In the residential and commercial sectors ([Fig. 6](#fig6){ref-type="fig"} ), transition towards 100% renewables is characterized by a switch from gas to higher biomass and electricity consumption for heating. Electricity consumption for lighting, appliances, and energy saving from insulation remain relatively the same in renewable energy scenarios compared to the BASE scenario. The increase in electricity consumption is driven by high penetration of electric heaters and radiators. Compared to electric heaters and radiators, penetration of heat pumps is relatively low due to their high investment costs.Fig. 6Final energy demand in building sector in 2050.Fig. 6

In the transport sector ([Fig. 7](#fig7){ref-type="fig"} ), freight and navigation cannot be electrified and require energy-dense fuels such as oil, hydrogen and biofuels. The transition towards high renewable energy in the transport sector is achieved through electrifying the private cars and replacing fossil fuels with biofuels for freight transport and navigation. Allowing higher penetration of VRES does not have much impact on the transport sector (RE100%-VRES50%-HighBioImport scenario). Limited biofuel supply (RE100%-VRES100%-NoBioImport scenario) drastically increases the electrification level in the transport sector, and consumption in electricity and hydrogen accounts for over 80% of total final consumption.Fig. 7Final energy demand in transport sector in 2050.Fig. 7

The industry sector in Ireland is small and has a relatively simple representation in Irish TIMES model compared to other sectors. To reach higher renewable targets, biomass replaces gas in producing industrial heat. The sectoral emissions ([Fig. 8](#fig8){ref-type="fig"} ) shows that the production of cement and lime in industry sector is the major source of residual emissions in 100% renewable energy scenarios. Comparison between renewable energy scenarios and the carbon constraint scenario shows that the residual emissions from cement and lime production need to be mitigated with carbon sequestration processes.Fig. 8Emissions by sector in 2050.Fig. 8

### 3.1.2. Economic implications {#sec3.1.2}

The level of difficulties in achieving renewable energy targets can be measured by the total energy system cost. As explained in Section [3.1](#sec3.1){ref-type="sec"}, the principle of the TIMES model is to minimize the total discounted energy system cost over the entire time horizon. The total system cost includes energy import costs, capital investments and operation and maintenance costs. A higher total system cost indicates more efforts required to achieve more ambitious renewable energy targets. [Fig. 9](#fig9){ref-type="fig"} shows total systems cost in 2050 expressed in terms of percentage of projected GDP in 2050. The cost curve is nonlinear and the marginal efforts at high renewable penetration levels are significantly higher. Increasing renewable penetration from 25% to 50% requires additional total system cost equivalent to less than 0.3% of total GDP in 2050. Further pushing renewable penetration to 90% requires 1.7% GDP in total system cost.Fig. 9Total system cost in 2050 over different renewable energy penetration targets. The cost is measured in additional total energy system cost compared to BASE scenario in terms of GDP. The total energy system cost of BASE scenario is equivalent to 8% GDP.Fig. 9

3.2. Comparison between renewable and decarbonization targets {#sec3.2}
-------------------------------------------------------------

Sensitivity analysis is carried out on the renewable energy targets to explore their economic implications in carbon mitigation. The sensitivity analysis is carried out under the assumptions of medium level of bioenergy import supply and 50% maximum VRES penetration. As described in Section [2.3.2](#sec2.3.2){ref-type="sec"}, for each renewable scenario, a corresponding carbon constraint scenario is developed with the same amount of carbon emissions in each model year.

The total systems costs in 2050 across renewable and decarbonization scenarios are graphically related and presented as cost curves in [Fig. 10](#fig10){ref-type="fig"} . The Y-axis measures the additional total systems cost in 2050 compared to the BASE scenario measured in percentage of GDP. The X-axis measures the carbon reduction in 2050 relative to 1990 levels. For example, achieving 50% renewable target corresponds to an emission reduction of 49%, and 90% renewable energy target corresponds to 69% emission reduction.Fig. 10Cost curves in 2050 for renewable energy (RE) scenarios and their corresponding carbon constraint scenarios (CO2) with the same emission levels in each model year. The RE curve includes scenarios from the BASE scenario to the maximally feasible renewable energy level (94%), which corresponds to a 76% CO~2~ reduction. For comparison purposes, the CO2 cost curve also includes scenarios with CO~2~ reduction targets beyond 76%. In these scenarios, emissions in intermediate model years are linearly interpolated.Fig. 10

The differences between the two cost curves demonstrate that focusing on renewable energy penetration is less cost effective in carbon mitigation compared to focusing solely on decarbonization. The gap between the cost curves widens as carbon reduction levels increases. Focusing solely on renewable energy targets is over 20% less cost effective in carbon mitigation compared to focusing on carbon reduction targets at high ambition levels. With an additional energy system cost equivalent to 1% GDP, emission reduces by 73% under CO~2~ targets, but only reduces by 55% when focusing on renewable energy targets. Similarly, the energy system cost of 80% carbon reduction scenario only reduces emissions by 60% when focusing on renewable targets.

It should be noted that carbon prices cannot be compared directly between renewable scenarios and decarbonization scenarios. In linear programming models like TIMES models, the marginal abatement costs in carbon reduction are determined by the shadow price of CO~2~. Under renewable scenarios, CO~2~ emissions are model outputs rather than applied constraints, which makes the shadow prices under renewable scenarios 0.

Energy system analysis on the underlying scenarios of the two cost curves show that transition pathways with renewable energy targets and decarbonization targets differ significantly at less ambitious policy targets. For example, when focusing on CO~2~ reduction, carbon intensive coal power plants phase out rapidly at 20% reduction target. On the other hand, when focusing on renewable penetration, coal plants are not phased out by 2050 at 70% renewable targets. At more ambitious policy targets, pathways towards renewable and decarbonization targets are broadly aligned as many of renewable technologies are carbon free. The key difference is that carbon sequestration technologies are ignored when focusing solely on renewables. Only 88% carbon reduction is reached in 100% renewable scenarios due to residual emissions from industrial processes.

3.3. Global sensitivity analysis {#sec3.3}
--------------------------------

While a range of deterministic scenario runs is useful in exploring the impacts of certain alternative model assumptions, a more systematic approach to address uncertainties for a broader range of input assumptions is through global sensitivity analysis. In this section we capture uncertainties for a large set of model inputs related to bioenergy and renewable technologies and analyse their impact on model results including energy consumption and capacity of renewable technologies. Global sensitivity analysis using 500 scenarios with stochastic input assumptions are used to quantify the relationships between model inputs and outputs.

A statistical measurement that quantifies the relationship between variables is the correlation coefficient. [Table 4](#tbl4){ref-type="table"} presents the standardized correlation coefficients between input parameters and model results. A higher value indicates stronger impacts from input uncertainties on the model results. Parameters with p value greater than 0.05 are considered lack of statistical evidence in any relations between inputs and outputs. The correlation coefficients with high p values are left blank in [Table 4](#tbl4){ref-type="table"}. A positive correlation coefficient indicates that increasing the input parameter is likely to cause increases on the corresponding output. Similarly, a negative value indicates that the increase in input value is likely to cause decreases on the output.Table 4Standard Correlation Coefficient of global sensitivity analysis.Table 4Model InputsModel OutputsSystem CostLevel of ElectrificationBioenergy ConsumptionOffshore WindSolar PlantOcean EnergyBiomass PlantsElectric VehiclesTransport BiofuelTransport HydrogenHeat PumpsBiomass HeatingSolar heatingBioenergy Import Availability−0.33−0.44−0.15−0.18−0.17−0.300.44−0.300.31−0.370.44Bioenergy Import Price0.880.69−0.660.270.250.37−0.580.60−0.660.760.38−0.39Onshore Wind Cost0.06Offshore Wind Cost0.230.28−0.570.220.21−0.06−0.07Electrolysis Cost0.01−0.06−0.14Wave Energy Cost0.05−0.200.380.360.25−0.570.35−0.180.08Heat Pump Cost0.03−0.100.15Commercial Solar Cost−0.06−0.170.19Residential Solar Cost0.060.250.19−0.080.26−0.09−0.83Solar Power Plant Cost0.03−0.51

The correlation coefficients show that uncertainties in bioenergy imports have strongest impacts on 100% renewable pathways. [Table 4](#tbl4){ref-type="table"} shows that bioenergy import price and availability have the highest correlation coefficients with most of the model output. Compared to uncertainties in the investment costs of renewable technologies, uncertainties in bioenergy import has greater impact on the total system costs and capacity of renewable generation technologies. Uncertainties in technology costs mainly affect their own capacity expansion and have relatively weak impacts on other model outputs. For example, the cost of offshore wind has a strong negative correlation (−0.56) with its own capacity and much weaker correlations with the capacity of ocean energy (0.22) and biomass power plants (0.21).

[Fig. 11](#fig11){ref-type="fig"} presents the pathways from 2015 to 2050 of key renewable options under uncertainties, demonstrating optimal investment timings and robustness against uncertainties. The graph shows that the pathways of hydrogen consumption in transport sector have a wide span over time and are therefore susceptible to uncertainties. On the other hand, onshore wind has a much narrow span and reaches maximum resource potential by 2050 across all scenarios and can therefore be considered as "no-regret" options. This is consistent with the statistical results in [Table 4](#tbl4){ref-type="table"}. High correlation coefficients indicate that hydrogen consumption is very sensitive towards assumptions in bioenergy import price and availability, whereas none of the model inputs have significant correlations with onshore wind capacity.Fig. 11Pathways of renewable technology penetrations and fuel consumption under uncertainties.Fig. 11

4. Discussions {#sec4}
==============

Compared to using simulation models to analyse 100% renewable energy systems, the major advantage of using TIMES model is optimizing the bioenergy consumption and electrification level while considering power generation, heat and transport sectors in an integrated manner. Bioenergy and renewable electricity are the primary energy supplies under 100% renewable pathways. Decision making should strike a balance between the use of bioenergy and electrification with considerations in feasibilities, uncertainties and technical challenges. The roles of bioenergy and electrification under 100% renewables can be demonstrated by comparing advantages and challenges between the bioenergy dependent pathway represented by the RE100%-VRES50%-HighBioImport scenario and the electrification pathway represented by the RE100%-VRES100%-NoBioImport scenario.

The bioenergy and electrification pathways have similar total energy system costs. Total system costs in 2050 of both pathways are 29% higher relative to the BASE scenario and the difference in total system cost between these pathways is less than 1%. However, the cost composition of the system costs in these scenarios differ significantly. Bioenergy dependent pathways rely heavily on the bioenergy import. Ireland's import dependency remained around 85%--90% until 2016. It fell to 69% in 2016 and 66% in 2017 due to the new gas field and increases in wind energy. The total import cost in 2017 was €4 billion accounting for 1.2% total GDP. The import dependency under the bioenergy pathway is 58% by 2050. The import cost rises to €9.9 billion import cost accounting for 26.3% of the system cost. This amount is higher than the fossil fuel import cost of €9.3 billion in 2050 projected by the BASE scenario.

High dependency on bioenergy import poses significant challenges in energy security. A review study by Ref. \[[@bib90]\] suggests that under different technical and sustainability assumptions the estimate in global bioenergy supply ranges widely from 100 EJ per year to over 1200 EJ per year \[[@bib90]\] and estimate of over 600 EJ is based on extreme assumptions and should not be considered as socially acceptable or environmentally responsible. The current world population share of Ireland is 0.06% and the share of primary energy demand is about 0.1% \[[@bib91]\]. If the share of global bioenergy supply for Ireland (12700ktoe) remains at the similar level to its current share of primary energy demand, the world bioenergy supply should exceed 530 EJ, which is roughly similar to the current global primary energy supply (550 EJ). As shown in Section [3.3](#sec3.3){ref-type="sec"}, the global sensitivity analysis indicates that the uncertainties in bioenergy import has strongest impacts on the energy pathways. Therefore, locking into a bioenergy dependent pathway is susceptible to uncertainties and poses risks for energy security.

When the bioenergy import is disabled, the 100% renewable pathways rely on renewable electricity and electro-fuels. Under the electrification dependent pathway, all energy supply is from indigenous sources including indigenous bioenergy production and renewable electricity. Even though this electrification pathway is robust against uncertainties in energy import, technical challenges of high intermittency is a source of risks and high installation rate of renewable power generation technologies also pose challenges in acquiring investment, materials and labour. By 2050, electricity accounts for 64.1% of final energy demand and the VRES penetration in power generation reaches 97.9%. The annual investment cost requirements in new generation is €8.4 billion, which is significantly higher than the €1.3 billion under the BASE scenario and €3.4 billion under the bioenergy pathway. The capacity of renewable generation is projected to 30.8 GW under the electrification pathway implying annual average installation rate over 800 MW in onshore and offshore wind, solar and ocean energy, which is more than 50% higher compared to the installation rate of 532 MW in wind energy as of 2017.

The key challenge of the electrification pathway is the integration of 100% intermittent generation in power sector. As a relatively small isolated Ireland country, integrating high VRES into the power system could be particularly challenging for Ireland due to lack of interconnection \[[@bib92]\]. From the literature review we find that the technical feasibility of power systems with 100% renewable electricity remains controversial. As discussed in Section [2.1](#sec2.1){ref-type="sec"}, many studies indicate that 100% renewable energy systems are feasible at reasonable costs while other studies conclude differently. An EU project in exploring solutions and costs for high VRES power system is currently underway \[[@bib93]\]. While this analysis is not intended to address the feasibilities and costs associated with integrating 100% VRES into the power system, the modelling results point to significant potentials in applying demand side management techniques to improve system flexibility. Under the electrification pathway, electricity consumption from electric vehicles and power-to-gas account for over 40% share of total electricity consumption.

It should be noted that the cost estimate related to energy storage within the current modelling frame is underestimated. Long term energy systems models are best suited in projecting long term optimal pathways and may not properly validate feasibility of power system under 100% VRES or determine the associated costs. In the Irish TIMES model, each milestone year contains 12 time slices (seasonal, day, nights and peak for four seasons). Using a small number of time slices cannot properly capture variation in intermittent generation and may result in underestimate in the capacity of hydrogen storage required \[[@bib62],[@bib86]\]. Our model results show that energy storage mainly capture day/night variabilities in power generation and does not sufficiently account for variation in wind energy. To address this underestimate in storage capacity and usage, in this analysis we leave some reserve for energy storage by crudely increasing the assumption in capital cost of power to gas by 20%. Future work on Irish TIMES model will focus on improving integration of short-term variations of the power system to provide a more accurate projection of energy storage. Possible methods include incorporating high temporal resolution, dispatching features and soft linking with power systems models \[[@bib94]\].

Another important area related to 100% renewable energy that requires further research is the estimates in renewable source potential, which vary significantly within the current literatures. For example, Estimates from SEAI \[[@bib95]\] projects onshore wind potential between 11 GW--16 GW and 30 GW of offshore wind by 2050, which is more than twice as much as our assumptions (6.9 GW on onshore wind and 7.5 GW offshore wind). In our model the constraints applied on renewable resource potentials are based on relatively conservative assumptions. Compared to analysis assuming wind and solar power can provide all renewable electricity \[[@bib22]\], the generation portfolio from our modelling results is more diversified with combinations of wind, solar, offshore wind, wave and tidal energy, which is also more energy secure compared to 100% WWS power system as ocean energy is more predictable than wind and solar. This diversified generation portfolio requires much higher investment cost as the costs for wave, tidal and offshore wind are significantly higher, which could somehow account for the underestimate in the cost for integrating high VRES into the power system.

5. Conclusions {#sec5}
==============

The use of renewable energy is a critical decarbonization option with co-benefits in environment, economics, and energy security. In this analysis, we carry out the first assessment of 100% renewable energy system in 2050 for Ireland using the Irish TIMES energy system optimization model. Scenario ensembles under a broad scope of assumptions are used to explore technical and economic feasibilities towards 100% renewables while assessing the roles of electrification, bioenergy, and key renewable technology options.

The results show that under current technology assumptions and resource potentials with an annual limit of 50% on VRES generation, a maximum of 94% renewable can be reached, where electricity accounts for one third of energy consumption with over 85% from renewables. Without bioenergy import, maximum feasible renewable reduces to 75%. 100% renewables can be reached with more ambitious bioenergy supply or integrating higher shares of variable renewable energy. Scenarios with 100% renewables requires additional system cost equivalent to more than 2% GDP relative to the BASE scenario. Incremental cost in targeting for higher ambitious renewable penetration levels is non-linear. Extra system cost from 25% to 50% renewable level is less than 0.3% of total GDP and reaching 90% RES requires 1.3% of total GDP.

The policy target of 100% renewable energy should not be confused with a net zero emission target. Focusing on renewable penetration is less cost effective in achieving carbon mitigation compared to focusing only on carbon mitigation. The energy system cost required for 80% carbon reduction targets will only deliver a 60% reduction in when achieved focusing on renewables. It is critical to set renewable energy targets in line with carbon reduction targets and avoid overlooking cost effective carbon mitigation measures and residual emissions that require negative emission technologies.

Bioenergy and renewable electricity from wind, solar, ocean and offshore wind are the main sources of renewable energy. Indigenous bioenergy consumption is close to maximal resource potentials in all 100% renewable pathways, indicating that efforts in maximizing indigenous bioenergy resources should be made. The overall electrification level ranges from 39% to 61%. Given that the current electrification level is less than 20%, much stronger efforts and faster progresses are required than the current renewable energy plan \[[@bib96]\].

Pathways relying on high bioenergy imports are less costly and require less upfront investment and infrastructural transformation. However, under these pathways up to 58% of TPER comes from imported biofuels. Global sensitivity analysis with 500 scenarios has been used to address critical uncertainties in bioenergy availability, import prices and investment costs of renewable technologies. The results indicate that bioenergy import has much greater impacts compared to uncertainties in investment costs. Given the current view of the world, more caution is required when setting policy targets with high shares of bioenergy. Some of the recent incidents such as Amazon wildfires and COVID-19 may have negative impacts on international trade and global bioenergy supply in the future. Relying on bioenergy imports therefore presents challenges in securing energy supply.

It is recommended that further policy consideration should be given to pathways with higher electrification levels. Renewable electricity plays a critical role when bioenergy imports are disabled. Compared to pathways relying on bioenergy, pathways with high electrification levels are more robust to uncertainties and can help improve energy security. However, it should be noted that these pathways require integrating high shares of variable renewable electricity combined with high penetration of power-to-gas technologies, which may confront challenges in high upfront investment costs and integration of intermittent generation. If the strategy of incorporating a higher share of electrification levels while reducing bioenergy import dependency is desired, the development of renewable electricity should speed up, with additional efforts made on electrifying heat and transport sectors through heat pumps, EVs and power to gas.

While a broad range of uncertainty sources related to renewable energy are considered in this analysis through scenario ensembles, it is impossible to exhaustively capture all uncertainty sources. Future analysis could explore uncertainties from other aspects. One possible area of research is developing scenarios that envisage no growth in GDP or energy consumption with energy service demands projected using macro-economic modelling approaches.
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